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Carbonaceous material (brown coal) modiﬁed by pyrolysis, activation, and enrichment in nitrogen, with two diﬀerent factor
reagents, have been used as adsorbent of phenol from liquid phase. Changes in the phenol content in the test solutions were
monitored after subsequent intervals of adsorption with selected adsorbents prepared from organic materials. Signiﬁcant eﬀect of
nitrogen present in the adsorbent material on its adsorption capacity was noted. Sorption capacity of these selected materials was
found to depend on the time of use, their surface area, and pore distribution. A conformation to the most well-known adsorption
isotherm models, Langmuir, and Freundlich ones, conﬁrms the formation of mono- and heterolayer solute (phenol) coverage on
the surface of the adsorbent applied herein. The materials proposed as adsorbents of the aqueous solution contaminants were
proved eﬀective, which means that the waste materials considered are promising activated carbon precursors for liquid phase
adsorbents for the environmental protection.
1.Introduction
Phenol and its derivatives are frequent and toxic byproducts
in industrial processes and their disposal is of great concern
from the viewpoint of the environment protection [1]. The
presence of phenol and its derivatives in natural water
sources is a serious threat to human health and general
water quality [2, 3]. Phenolic compounds are harmful to
living organisms even at low concentrations due to their
toxicity and carcinogenic properties. Phenol is a combustible
compound highly soluble in water, oils, carbon disulﬁde
and numerous organic solvents [4, 5]. It is characterized,
by a typical pungent sweet, medicinal as well as tar-like
odour [6]. Phenol has been registered as priority pollutant
by the US Environmental Protection Agency (USEPA) with a
permissible limit of 0.1mg/L in wastewater [7].
Severalwayshavebeendevelopedtoremovephenolfrom
wastewater, including electrochemical oxidation, chemi-
cal coagulation, solvent extraction, membrane separation,
and photocatalytic degradation [8–13]. It is believed that
physisorption, due to dispersive forces, is the mechanism
behind the use of activated carbons for removal of phenol
from aqueous solutions. Furthermore, a large number of
other contaminants may be removed from a liquid or gas
streamduringtheirpassagethroughanactivatedcarbonbed.
The adsorption properties of activated carbon are
attributed to its physical and chemical structure. Previous
studieshaveshownthattheadsorption characterofactivated
carbon depends on the surface characteristics [12–18].
Materials of organic origin modiﬁed in diﬀerent processes
such as pyrolysis, activation, or enrichment in a speciﬁc
heteroatoms (nitrogen, sulphur, phosphorus) show a highly
developed porous structure, which allows their application
as adsorbents, both from the gas and liquid phases [16–20].
Surface chemical composition is mainly determined by
the oxygen functional groups representing either Br¨ onsted
acidic or basic sites. The eﬀect of surface functional groups
modiﬁcation on the adsorption behaviour of activated car-
bonshasbeenofgreatinterestoverthelastyears.Increasingly
stricter air and water quality legislation have prompted the
interest in preparation of activated carbons with certain sur-
face functional groups for removal of speciﬁc contaminants
[21]. The nature and concentration of these surface groups
may be modiﬁed by various pre- or postactivation treatment2 The Scientiﬁc World Journal
methods [22, 23]. Furthermore, the surface groups play a
vital role by inducing the formation of chemical bonding
between adsorbate and adsorbent, especially in the process
of adsorption of organic compounds. Thus, introduction
of other heteroatoms is of great interest as well. Recently,
much attention has been paid to nitrogen functionalities in
carbonaceous materials because of their interesting textural
properties and high density of surface nitrogen sites of
the Lewis basic character. Several modiﬁcation processes
have been reported and among them those based on as
ammonia, urea, and other nitrogen- containing substances
[24]. It has been established earlier that the eﬃcient method
of enrichment in nitrogen is ammoxidation, involving a
simultaneous oxidation of the precursor [25–34], as well as
nitrogenation by NO [35–37].
X-ray photoelectron spectroscopy (XPS) and FT-IR/PAS
studies of the organic origin samples enriched in nitrogen
provedthatthechemicalcharacterofsurfacenitrogengroups
formed upon ammoxidation diﬀers from those formed as a
result of nitrogenation with nitrogen(II) oxide. The nitrogen
groups dominant on the surface of the materials subjected
to ammoxidation are pyrrole, pyridine, and amine ones
[26, 27], but when nitrogen(II) oxide was the source of
nitrogen, the dominant nitrogen species are amide groups
and nitrates [35]. As follows from the results of our earlier
studies, the samples enriched in nitrogen by ammoxidation
ornitrogenationdiﬀerinthecatalyticproperties[29–33]and
capacitiesofadsorptionfromgasphase[33,34],accordingto
the chemical character of the nitrogen species identiﬁed on
their surface.
In this respect, the aim of this paper was to explore
the eﬀectiveness of above mentioned materials as a low-
cost adsorbent of liquid phase contaminants. Brown coal
was modiﬁed by its pyrolysis, activation, and enrichment
in nitrogen by two diﬀerent methods generating surface
groupswithvariouschemicalcharacterandexaminedforthe
removal of phenol from aqueous solution. The equilibrium
and kinetic data of adsorption were then studied to under-
stand the adsorption process.
2. Experimental
2.1. Materials and Preparations of Adsorbents. The starting
material applied was brown coal (B). It was ground in a
roller mill and sieved to a uniform size of 1.5–2.5mm. The
samples obtained were subjected to pyrolysis, modiﬁcation
by nitrogen reagent, and to physical activation.
Pyrolysis (K) was carried out in a horizontal furnace
under a stream of argon at the ﬂow rate of 170mL/min. The
sample was heated (5◦C/min) from room temperature to the
ﬁnal temperature of pyrolysis 700◦Ca tw h i c hi tw a sk e p tf o r
60min and then it was cooled in inert atmosphere.
The activation process (A) was performed at 800◦Ci na
laboratory furnace, to about 50% of burn-oﬀ.W a t e rw a sf e d
by two micro-feeding pumps, the steam leaving the reactor
was directed to the cooler in which it was liqueﬁed and the
gases formed in the reaction after passing the cooler and
gas meter were combusted in a gas burner. The samples
were heated (10◦C/min) from room temperature to the ﬁnal
activation temperature, kept at this temperature for 90min,
a n dc o o l e dt or o o mt e m p e r a t u r e .
Modiﬁcation by nitrogen reagent was performed by
two methods. Ammoxidation (N) was carried out using
a mixture of ammonia and air at a volume ratio of 1:3
(250/750mL/min) in a ﬂow reactor at 270◦Cf o r5h[ 25–27].
In the process of nitrogenation, the samples were exposed to
nitrogen(II) oxide (620mL/min) in a ﬂow reactor at 300◦C
for 2h [35].
2.2. Batch Equilibrium and Kinetic Studies. In adsorption
equilibrium, experiments were conducted in a set of 250mL
Erlenmeyer ﬂasks. Phenol solutions with diﬀerent initial
concentrations at 100–500mg/L were added into the ﬂasks
andthetotalvolumeofthesolutionwas200mLineachﬂask.
Equal masses of adsorbents (0.5g) were added to phenol
solutions and each sample was kept on magnetic stirrer of
120rpm at 25 ± 1◦Cf o rd i ﬀerent time intervals. A similar
procedure was followed for another set of Erlenmeyer ﬂasks
containing solutions of the same phenol concentrations
without activated carbon to be used as blank samples. The
ﬂasks were then removed from stirring, centrifuged, and
obtained solution was analysed using a double beam UV-
Vis spectrophotometer (Varian Cary 100 Bio) at 510nm
wavelength. The samples were ﬁltered prior to analysis
in order to minimize interference of carbon grains in
analysis. Each experiment was repeated twice under identical
conditions.
The amount of adsorption at equilibrium, Qe (mg/g),
was calculated according to the following equation:
Qe =
V(Co −Ce)
W
,( 1 )
where C0 and Ce(mg/L) are the liquid-phase concentrations
of phenol at the initial and equilibrium state, respectively;
V(L) is the volume of the solution, and W(g) is the mass of
dry adsorbent used.
2.3. Instruments and Characterization of the Adsorbents
2.3.1. Elemental Analysis. The chemical compositions of
the samples investigated were established on an elemental
analyser CHNS Perkin Elmer 2400 series II.
2.3.2. Surface Oxygen Groups. The content of surface oxide
functional groups was determined by the Boehm method
[38].
2.3.3. Porous Structure. The pore structure of activated
carbons was characterised on the basis of low-temperature
nitrogen adsorption-desorption isotherms measured on a
sorptometer ASAP 2010, manufactured by Micromeritics
Instrument Corp. (USA). Before the isotherm measure-
ments, the samples were outgassed at 300◦C for 10h. Surface
area and pore size distribution were calculated by BET and
BJH methods, respectively. Total pore volume and average
pore diameter were determined as well. Micropore volumeThe Scientiﬁc World Journal 3
Table 1: Acid-base properties of investigated adsorbents (mmol/g) and nitrogen content (wt.%).
Sample N Acidic groups Basic groups Total content of surface oxides pH
BK 0.0 0.84 0.12 0.96 6.1
BKN 9.8 1.04 1.12 2.16 6.3
BKNA 1.6 1.39 1.23 2.62 7.2
BK(NO) 3.9 1.52 1.13 2.65 5.9
BK(NO)A 1.4 1.26 1.55 2.81 8.4
and micropore surface area were calculated using the t-plot
method.
3. Results andDiscussion
3.1. Physicochemical Characteristic of Adsorbents. Investiga-
tion of the elemental composition of the adsorbents studied
proved that modiﬁcation of the active carbon precursor
by ammoxidation (BKN) or nitrogenation (BK(NO)) leads
to considerable changes in the content of nitrogen relative
to that of the unmodiﬁed sample (BK) [26, 35]. The
contentofnitrogeninthesamplesmodiﬁedbynitrogenation
(BK(NO)-3.9wt.%) is a bit lower [35] than that in the
sample modiﬁed by ammoxidation (BKN-9.8wt.%) [26].
Moreover, textural parameters of the adsorbents presented
in our previous work [26, 35] indicate that nitrogen
modiﬁed samples (BKN-212m2/g and BK(NO)-112m2/g)
are characterized by lower values of surface area and total
pore volume as compared with BK-224m2/g. The above is
a consequence of interaction of the modifying agent, that is,
NH3/air mixture and nitrogen(II) oxide with the modiﬁed
material.Activationoftheabove-mentionedsamples(BKNA
and BK(NO)A) has a beneﬁcial eﬀect on their structural
parameters,endowingthemwithwell-developedsurfacearea
(800 and 524m2/g, resp.) with a dominant contribution of
micropores (Vmic/Vt = 0.75 and 0.71, resp.).
Acid-base character of discussed materials was deter-
minedandsummarizedinTable 1.Additionally,thenitrogen
content (wt. %) is presented in the same table for a
better understanding of the nitrogen inﬂuence on the above
properties. In the pyrolysed sample (BK) the majority of
surface oxide groups reveal acidic character. Modiﬁcation
of the above sample leads to a signiﬁcant increase in the
totalcontentofsurfaceoxides.Furthermore,fornitrogenised
sample (BK(NO)) the majority of surface oxides exhibit
acidic character, whereas analogous-activated samples for
example, BK(NO)A, exhibit higher content of basic groups.
A signiﬁcant increase in the content of basic groups as
compared with pyrolysed material probably results from the
presence of numerous oxygen-nitrogen complexes generated
on the surface of the samples in the process of their
modiﬁcation.
Itisworthnotingthatthenitrogenisedsample(BK(NO))
has the lowest pH value from among all samples investigated
herein.
3.2. Eﬀect of Initial Concentration. Figure 1 describes the
eﬀect of phenol initial concentrations on the percentage of
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Figure 1: Dynamics of phenol uptake by BK for various initial
phenol concentrations.
its removal by BK. This sample was chosen for the process of
optimisation of the adsorption conditions because it would
be considered as the standard adsorbent containing small
amount of nitrogen/oxygen groups and having the most
ordered surface. It is evident that an increase in the initial
phenol concentration results in increased phenol uptake.
The phenol removal curves exhibit single, smooth, and
continuous shapes. The shape indicates the formation of
phenol molecule monolayer covering the outer surface of the
adsorbent.Theisothermsshapeshowsatendencytolevelout
at high adsorbate concentrations. The maximum adsorption
capacity at equilibrium (Q) increased from 42.3 to 58.3mg/g
with the initial phenol concentrations increasing from 100
to 500mg/L. According to there literature, there are two
consecutive mass transportation steps associated with the
adsorption of solute from solution by a porous adsorbent
[39]. At ﬁrst the adsorbate molecules migrate into the
adsorbent pores from the solution and then it is adsorbed
at the active sites inside the adsorbent particle. This process
requires relatively long contact time.
3.3. Eﬀect of Adsorbent Surface Properties. It is known that
phenol adsorption onto activated carbon may occur via a4 The Scientiﬁc World Journal
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Figure 2: Fractional phenol removals as a function of time
(C initial = 500mg/L; 25◦C).
complexinterplayofelectrostaticanddispersioninteractions
with three possible mechanisms [5, 40].
The ﬁrst one is π-π dispersion interaction between the
phenol aromatic ring and the delocalised π electrons present
in the aromatic structure of the graphite layers. The second is
viahydrogenbondformation,whereasthelastoneiselectron
donor-acceptor complex formation at the carbon surface,
where the oxygen of the surface carbonyl group acts as the
electron donor and the phenol aromatic ring as the acceptor
[41, 42]. What is more, electrostatic interactions can play a
signiﬁcant role if phenol is predominately in the phenolate
ionformthatcaninteractwiththechargedadsorbentsurface
[40].
Furthermore, phenol is considered as a weak acid, thus
phenol adsorption should be enhanced in activated carbons
with basic surface functional groups [21]. It has been
shown that adsorption of phenol is dependent not only on
porosity but also on the presence of surface groups [21, 43].
Introduction of acidic functional groups may cause removal
of π-electrons from the carbon matrix, leading to a decrease
in the strength of the interactions between the aromatic ring
of the phenol molecule and the carbon basal planes [44].
In this respect the adsorption of phenol onto the
adsorbents prepared form brown coal precursor enriched
with nitrogen by two diﬀerent reagents as well as by its
steam activation at the most representative initial phenol
concentration of 500mg/L was studied as a function of
contact time in order to determine the equilibrium time
(Figure 2).
It can be noticed that the saturation curves rise sharply
in the initial stages, indicating that there are plenty of
readily accessible adsorption sites. All curves reach a plateau
indicating that the adsorbent is saturated at this level. As
indicated in Figure 2, the contact time needed to reach
equilibrium for phenol solutions with initial concentrations
of 500mg/L was 3h in all investigated processes.
The lowest sorption capacity was observed for sample
BK. As follows from the saturation curves, the adsorption
capacity of ammoxidised samples (N) is greater than that
of those modiﬁed by nitrogenation (NO). Most probably it
follows from the presence of nitrogen groups being of basic
character for the ammoxidised samples [26]. In the same
timeacidicgroupsforthesamplesmodiﬁedbynitrogenation
[35]. It should be noted that for both, ammoxidised as well
as nitrogenated materials, the higher adsorption capacity is
obtainedforactivatedcarbon(BKNAandBK(NO)A),which
holds true for every time range applied in this study.
The enhancement of phenol adsorption observed for
the nitrogen modiﬁed samples might be attributed to the
nitrogen functional groups presence in the samples. The π-π
dispersion forces were increased in adsorbents enriched with
nitrogen, due to the corresponding increase in electronic
density of basal surface resulting in the enhancement of
the adsorption process [41]. It can be assumed that in
the present study the nitrogen functionalities improved the
phenol adsorption capacity of activated carbons.
3.4. Adsorption Isotherms. Adsorption isotherm is impor-
tant to describe the solute interaction with adsorbents
at a constant temperature and its concentration in the
equilibrium solution. It provides essential physiochemical
data for assessment of the applicability of the adsorption
process as a complete unit operation [45, 46]. Langmuir and
Freundlich isotherm models are widely used to investigate
the adsorption process [45, 47–49]. The Langmuir isotherm
wasdevelopedassumingthattheadsorptionprocesswillonly
take place at speciﬁc homogenous sites within the adsorbent
surface with a uniform distribution of energy level. Once the
adsorbate is attached to the site, no further adsorption can
take place there, which implies that the adsorption process is
monolayer in nature. The Freundlich isotherm, contrarily to
that of Langmuir type, was based on the assumption that the
adsorption occursonheterogeneoussiteswithanonuniform
distributionofenergylevel.Itdescribesreversibleadsorption
and is not restricted to the formation of monolayer [45].
The linear forms of Langmuir and Freundlich equations
are represented by (2)a n d( 3), respectively:
Ce
Qe
=
1
KL
+

aL
KL

Ce,( 2 )
logQe = logKF +

1
n

logCe,( 3 )
where Qe is the amount of the adsorbate adsorbed at
equilibrium (mg/g), Ce is equilibrium concentration of the
adsorbate (mgl/L). KL (L/g) and aL (L/mg) are Langmuir
isotherm constants.
For the Langmuir isotherm, plots of Ce/Qe versus Ce
are linear and have a slope aL/KL and the intercept 1/KL,
where KL/aL gives the Langmuir constant related to a
maximum adsorption capacity at the monolayer, Q0 (mg/g).The Scientiﬁc World Journal 5
Table 2: Freundlich and Langmuir parameters for the adsorption of phenol.
Adsorbent Freundlich isotherm parameters Langmuir isotherm parameters
KF(mg/g)(L/mg)
1/n nR 2 KL (L/g) aL· (L/mg) R2
BK 28.08 4.151 0.950 2.848 0.041 0.963
BKN 40.07 5.767 0.935 4.389 0.055 0.990
BKNA 30.78 3.582 0.927 1.740 0.014 0.919
BK(NO) 22.94 2.689 0.936 2.212 0.205 0.963
BK(NO)A 13.73 1.454 0.987 1.305 0.047 0.920
KF, n—Freundlich isotherm constants; KL, aL—Langmuir isotherm constants, R—correlation coeﬃcient.
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Figure 3: Freundlich isotherm plots of phenol adsorption onto BK
(initial concentrations = 100–500mg L−1,2 5 ◦C).
As for the Freundlich isotherm, a plot of logQe versus logCe
enables the determination of constant KF and exponent 1/n.
KF is the Freundlich constant (mg/g)(L/mg)1/n and 1/n is
dimensionless heterogeneity factor.
The linear plots of Langmuir isotherm and Freundlich
isotherm for phenol adsorption onto BK as the standard
adsorbent containing a small amount of nitrogen/oxygen
and the most ordered surface are presented in Figures 3 and
4,respectively.Itisworthnoticing thatthehighestnfactoras
well as KF value, which are taken as indicators of adsorption
capacity, are observed for the sample BKN (Table 2). The
positive impact of nitrogen presence in adsorbent surface on
the KF value is demonstrated especially for BKN and BKNA
samples.
Both, Langmuir and Freundlich equations are reasonably
applicable to all investigated adsorbents with correlation
coeﬃcients (R2) in the range of 0.919–0.990 (Table 2). This
observation means that the phenol adsorption in this study
is possible by formation of mono and heterolayers on the
adsorbent surface. It can be explained by the presence of
surface functional groups in diﬀerent amounts, which may
induce diﬀerences in the energy levels of the active sites
available on the adsorbent surface, thus aﬀecting adsorption
capacity. Similar ﬁndings have been reported earlier [45, 49].
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Figure 4: Langmuir isotherm plots of phenol adsorption onto BK
(initial concentrations = 100–500mg L−1,2 5 ◦C).
3.5. Kinetic Studies. The kinetic model proposed by Lager-
gren and the model of intramolecular diﬀusion are applied
to determine the factors inﬂuencing the reaction rate and
the mechanism of phenol adsorption [45]. Linear forms of
pseudo-ﬁrst- and pseudo-second-order kinetic equations are
g i v e ni n( 4)a n d( 5), respectively:
ln(Qe −Qt) = lnQe −k1t,( 4 )
t
Qt
=
1
k2Q2
e
+

1
Qe

t,( 5 )
where Qt is the amount of solute adsorbed per unit weight
of adsorbent (mg/g), k1 is the rate constant of pseudo-ﬁrst-
order sorption (1/h), and k2 is the rate constant of pseudo-
second-order sorption (g/h mg).
Linear plots of pseudo-ﬁrst- and pseudo-second-order
kinetic models of phenol adsorption onto BK are given
in Figures 5 and 6, respectively, whereas the appropriate
constants at various initial phenol concentrations are given
in Table 3.
For the pseudo-ﬁrst-order model, the rate constant
slightly increases with increasing initial phenol concentra-
tion. However, the correlation coeﬃcients obtained for this6 The Scientiﬁc World Journal
Table 3: Pseudo-ﬁrst-order and pseudo-second-order constants for the adsorption of phenol on BK at 25◦C.
Co (mg/L) Pseudo-ﬁrst-order kinetic model Pseudo-second-order kinetic model
Qe cal (mg/g) k1 (1/h) R2 ΔQ (%) Qe cal (mg/g) k2 (1/h) R2 ΔQ (%)
100 4.69 0.006 0.863 47.20 40.00 0.65 0.992 16.17
200 6.25 0.012 0.824 49.30 43.47 0.71 0.998 18.58
300 10.29 0.013 0.983 56.21 53.48 0.98 0.988 21.01
500 40.42 0.003 0.932 37.45 39.37 1.12 0.991 19.55
Co: starting concentration; Qe cal: amount of adsorbate adsorbed at equilibrium; ΔQ: applicability; R: correlation coeﬃcient; k1: rate constant of pseudo-ﬁrst-
order sorption; k2: rate constant of pseudo-second-order sorption.
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Figure 5: Pseudo-ﬁrst-order kinetics for adsorption of phenol onto
BK at 25◦C.
kinetic model are in the range of 0.863–0.983. Signiﬁcantly,
the R2 values for the pseudo-second-order model are close
to unity indicating that this model is more suitable for the
adsorption process studied.
The applicability of both kinetic models was further
veriﬁed by normalized standard deviation ΔQ (%), deﬁned
as (6):
ΔQ(%) = 100 ×
    
	
Qexp −Qcal


/Qexp
2
(n −1)
,( 6 )
wherethesubscripts“exp”and“cal”refertotheexperimental
and calculated values, respectively, and n is the number of
data points. The higher the value of R2 and the lower the
value of ΔQ (%), the better the ﬁt is. The values of ΔQ (%)
for pseudo-ﬁrst-order model are signiﬁcantly high. Thus, it
can be assumed that the pseudo-second-order adsorption
mechanism was predominant in the adsorption studied, and
that the overall rate of phenol adsorption process appeared
to be controlled by the chemisorption process. Similar
regularity has been also observed in the adsorption of phenol
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Figure 6: Pseudo second-order kinetics for adsorption of phenol
onto BK at 25◦C.
on activated carbons prepared from organic waste materials
of other types [45, 47–50].
4. Conclusions
Theadsorbentspreparedfrombrowncoalcanbeusedforthe
eﬀect removal of phenol from aqueous solutions. According
to the results obtained, BKNA samples show the highest
adsorption capacity of phenol. Moreover, adsorption capaci-
tiesofthenitrogenmodiﬁedadsorbents(BKNandBK(NO))
increase relative to that of the unmodiﬁed material (BK)
as a result of hydrogen-bonding interaction with nitrogen
groups and the adsorbate molecules. A conformation to the
most well-known adsorption isotherm models, Langmuir
and Freundlich ones, conﬁrms the formation of mono-
and heterolayer solute (phenol) coverage on the surface
of the adsorbents applied herein. The results indicated
that the pseudo-second-order equation provided the better
correlation for the adsorption kinetics data. The adsorbing
performance of N-doped activated carbons prepared from
brown coal (BKNA and BK(NO)A) was remarkable as com-
pared to those of other materials, indicating these materialsThe Scientiﬁc World Journal 7
as promising for phenol compounds removal. These ﬁndings
are important to enhance the credibility of carbonaceous
materials as one of the most promising activated carbon
precursors for liquid phase adsorbents.
References
[1] S. D. Chakarova-K¨ ack, Ø. Borck, E. Schr¨ oder, and B. I.
Lundqvist, “Adsorption of phenol on graphite(0001) and α-
Al2O3 (0001): nature of van der Waals bonds from ﬁrst-
principles calculations,” Physical Review B, vol. 74, no. 15,
Article ID 155402, pp. 155402–155411, 2006.
[2] A. Bhatnagar, “Removal of bromophenols from water using
industrial wastes as low cost adsorbents,” Journal of Hazardous
Materials, vol. 139, no. 1, pp. 93–102, 2007.
[3] A. T. Mohd Din, B. H. Hameed, and A. L. Ahmad, “Batch
adsorption of phenol onto physiochemical-activated coconut
shell,” Journal of Hazardous Materials, vol. 161, no. 2-3, pp.
1522–1529, 2009.
[4] M. Ahmaruzzaman, “Adsorption of phenolic compounds
on low-cost adsorbents: a review,” Advances in Colloid and
Interface Science, vol. 143, no. 1-2, pp. 48–67, 2008.
[5] M. H. El-Naas, S. Al-Zuhair, and M. A. Alhaija, “Removal of
phenol from petroleum reﬁnery wastewater through adsorp-
tion on date-pit activated carbon,” Chemical Engineering
Journal, vol. 162, no. 3, pp. 997–1005, 2010.
[6] J. E. Amoore and E. Hautala, “Odor as an air to chemical
safety: odor thresholds compared with threshold limit values
and volatilities for 214 industrial chemicals in air and water
dilution,” Journal of Applied Toxicology, vol. 3, no. 6, pp. 272–
290, 1983.
[7] United States Environmental Protection Agency (USEPA),
“Technical support document for water quality based toxics
control,” Tech. Rep. EPA/440/485032, United States Environ-
mental Protection Agency, Washington, DC, USA, 1985.
[8] K. Juttner, U. Galla, and H. Schmieder, “Electrochemical
approaches to environmental problems in the process indus-
try,” Electrochimica Acta, vol. 45, no. 15-16, pp. 2575–2594,
2000.
[ 9 ] M .T o m a s z e w s k a ,S .M o z i a ,a n dA .W .M o r a w s k i ,“ R e m o v a lo f
organic matter by coagulation enhanced with adsorption on
PAC,” Desalination, vol. 161, no. 1, pp. 79–87, 2004.
[10] Z. Lazarova and S. Boyadzhieva, “Treatment of phenol-
containing aqueous solutions by membrane-based solvent
extraction in coupled ultraﬁltration modules,” Chemical Engi-
neering Journal, vol. 100, no. 1–3, pp. 129–138, 2004.
[11] W. Kujawski, A. Warszawski, W. Ratajczak, T. Pore ¸bski,
W. Capała, and I. Ostrowska, “Removal of phenol from
wastewater by diﬀerent separation techniques,” Desalination,
vol. 163, no. 1–3, pp. 287–296, 2004.
[12] N. Sano, T. Yamamoto, D. Yamamoto et al., “Degradation of
aqueous phenol by simultaneous use of ozone with silica-
gel and zeolite,” Chemical Engineering and Processing: Process
Intensiﬁcation, vol. 46, no. 6, pp. 513–519, 2007.
[13] T. Asakawa and K. Ogino, “Adsorption of phenol on surface-
modiﬁed carbon black from its aqueous solution,” Journal of
Colloid And Interface Science, vol. 102, no. 2, pp. 348–355,
1984.
[14] F. Rodr´ ıguez-Reinoso, J. M. Mart´ ın-Martinez, M. Molina-
Sabio, R. Torregrosa, and J. Garrido-Segovia, “Evaluation
of the microporosity in activated carbons by n-nonane
preadsorption,” Journal of Colloid And Interface Science, vol.
106, no. 2, pp. 315–323, 1985.
[15] W. C. Ying, E. A. Dietz, and G. C. Woehr, “Adsorptive
capacities of activated carbon for organic constituents of
wastewaters,” Environmental Progress,v o l .9 ,n o .1 ,p p .1 – 9 ,
1990.
[16] F. Caturla, J. M. Mart´ ın-Mart´ ınez, M. Molina-Sabio, F.
Rodriguez-Reinoso, and R. Torregrosa, “Adsorption of sub-
stituted phenols on activated carbon,” Journal of Colloid And
Interface Science, vol. 124, no. 2, pp. 528–534, 1988.
[17] M. Shimada, H. Hamabe, T. Iida, K. Kawarada, and T.
Okayama, “Properties of activated carbon made from waste
newsprint paper,” Journal of Porous Materials, vol. 6, no. 3, pp.
191–196, 1999.
[18] A. M. Cunliﬀe and P. T. Williams, “Properties of chars and
a c t i v a t e dc a r b o n sd e r i v e df r o mt h ep y r o l y s i so fu s e dt y r e s , ”
Environmental Technology, vol. 19, no. 12, pp. 1177–1190,
1998.
[ 1 9 ]A .B o t a ,K .L a s z l o ,L .G .N a g y ,G .S u b k l e w ,H .S c h l i m p e r ,
and M. J. Schwuger, “Adsorbents from waste materials,”
Adsorption, vol. 3, no. 1, pp. 81–91, 1996.
[20] R. T. Yang, Adsorbents: Fundamentals and Applications,J o h n
Wiley & Sons, New York, NY, USA, 2003.
[21] G. G. Stavropoulos, P. Samaras, and G. P. Sakellaropoulos,
“Eﬀect of activated carbons modiﬁcation on porosity, surface
structure and phenol adsorption,” Journal of Hazardous Mate-
rials, vol. 151, no. 2-3, pp. 414–421, 2008.
[22] B. C. Pan, Y. Xiong, Q. Su, A. M. Li, J. L. Chen, and Q.
X. Zhang, “Role of amination of a polymeric adsorbent on
phenol adsorption from aqueous solution,” Chemosphere, vol.
51, no. 9, pp. 953–962, 2003.
[23] H. Marsh and F. Rodriguez-Reinoso, Activated Carbon,E l s e -
vier Science & Technology Books, New York, NY, USA, 2006.
[24] J. Bimer, P. D. Sałbut, S. Bertozecki, J. P. Boudou, E.
Broniek,andT.Siemieniewska,“Modiﬁedactivecarbonsfrom
precursors enriched with nitrogen functions: sulfur removal
capabilities,” Fuel, vol. 77, no. 6, pp. 519–525, 1998.
[25] L. Wachowski and M. Hofman, “Thermogravimetric and
textural studies of modiﬁed carbonaceous materials,” Ther-
mochimica Acta, vol. 437, no. 1-2, pp. 82–86, 2005.
[26] M. Hofman, S. Pasieczna, L. Wachowski, and J. Ryczkowski,
“Formation of nitrogen structures by ammoxidation of
organic materials: FT-IR/PAS studies,” Journal de Physique IV,
vol. 129, no. 4, pp. 225–229, 2005.
[27] L. Wachowski, J. W. Sobczak, and M. Hofman, “Speciation
of functional groups formed on the surface of ammoxidised
carbonaceous materials by XPS method,” Applied Surface
Science, vol. 253, no. 9, pp. 4456–4461, 2007.
[28] L. Wachowski, W. Skupi´ nski, and M. Hofman, “Thermogravi-
metric investigations of carbonaceous materials-syndiotactic
polystyrene systems,” Thermochimica Acta, vol. 448, no. 1, pp.
7–11, 2006.
[29] M. Hofman, “Carbonaceous materials modiﬁed with MAO
employedasmetallocenesupportsinsyndiotacticpolymeriza-
tion of styrene,” Catalysis Communications,v o l .1 2 ,n o .1 ,p p .
30–35, 2010.
[30] M. Hofman and K. Nomura, “MAO and MMAO pre-
treatment of modiﬁed carbonaceous materials and their use
as supported cocatalysts in 1-hexene polymerization using
Cp∗TiX2(O-2,6-iPr2C6H3),” Journal Molecular Catalysis A,
vol. 319, pp. 85–91, 2010.
[31] L. Wachowski, W. Skupi´ nski, and M. Hofman, “Catalytic
activity of CpTiCl2(OC6H4Cl-p) supported on the carbona-
ceous materials modiﬁed by nitrogen for the polymerisation
of styrene,” Applied Catalysis A, vol. 303, no. 2, pp. 230–233,
2006.8 The Scientiﬁc World Journal
[32] M. Hofman and L. Wachowski, “Catalytic activity of Pd/CN
systems in hydrogenation of styrene,” Reaction Kinetics and
Catalysis Letters, vol. 92, no. 2, pp. 355–360, 2007.
[33] R. Pietrzak, P. Nowicki, and H. Wachowska, “Ammoxidized
active carbons as adsorbents for pollution from liquid and gas
phases,” Polish Journal of Environmental Studies, vol. 19, no. 2,
pp. 449–452, 2010.
[34] P. Nowicki, R. Pietrzak, M. Dobkiewicz, and H. Wachowska,
“TheeﬀectofammoxidationprocessonNO2 sorptionabilities
of active carbons,” Acta Physica Polonica A, vol. 118, no. 3, pp.
493–499, 2010.
[35] M. Hofman, S. Pasieczna-Patkowska, J. Ryczkowski, and
L. Wachowski, “Identiﬁcation of functional groups on the
surface of modiﬁed organic materials using the FT-IR/PAS
method,” European Physical Journal, vol. 154, no. 1, pp. 325–
328, 2008.
[36] P. Garcia, F. Coloma, C. S. M. de Lecea, and F. Mondragon,
“Nitrogen complexes formation during NO-C reaction at low
temperature in presence of O2 and H2O,” Fuel Processing
Technology, vol. 77-78, pp. 255–259, 2002.
[37] P. Garcia, J. F. Espinal, C. S. M. de Lecea, and F. Mondragon,
“Experimental characterization and molecular simulation of
nitrogen complexes formed upon NO-char reaction at 270◦C
in the presence of H2O and O2 ,” Carbon,v o l .4 2 ,n o .8 - 9 ,p p .
1507–1515, 2004.
[38] H.P.Boehm,“Someaspectsofthesurfacechemistryofcarbon
blacks and other carbons,” Carbon, vol. 32, no. 5, pp. 759–769,
1994.
[39] B. H. Hameed and A. A. Rahman, “Removal of phenol from
aqueous solutions by adsorption onto activated carbon pre-
pared from biomass material,” Journal of Hazardous Materials,
vol. 160, no. 2-3, pp. 576–581, 2008.
[40] R. W. Coughlin and F. S. Ezra, “Role of surface acidity in the
adsorption of organic pollutants on the surface of carbon,”
Environmental Science and Technology, vol. 2, no. 4, pp. 291–
297, 1968.
[ 4 1 ]J .A .M a t t s o n ,H .B .M a r k ,M .D .M a l b i n ,W .J .W e b e r ,
and J. C. Crittenden, “Surface chemistry of active carbon:
speciﬁcadsorptionofphenols,”JournalofColloidAndInterface
Science, vol. 31, no. 1, pp. 116–130, 1969.
[42] R. D. Vidic, C. H. Tessmer, and L. J. Uranowski, “Impact of
surface properties of activated carbons on oxidative coupling
of phenolic compounds,” Carbon, vol. 35, no. 9, pp. 1349–
1359, 1997.
[43] A. P. Terzyk, “Molecular properties and intermolecular
forces—factors balancing the eﬀe c to fc a r b o ns u r f a c ec h e m -
istry in adsorption of organics from dilute aqueous solutions,”
Journal of Colloid and Interface Science, vol. 275, no. 1, pp. 9–
29, 2004.
[44] F.Villaca˜ as,M.F .R.P ereira,J .J .M.O’ rf˜ ao,andJ.L.Figueiredo,
“Adsorption of simple aromatic compounds on activated
carbons,” Journal of Colloid and Interface Science, vol. 293, no.
1, pp. 128–136, 2006.
[45] A. T. Mohd Din, B. H. Hameed, and A. L. Ahmad, “Batch
adsorption of phenol onto physiochemical-activated coconut
shell,” Journal of Hazardous Materials, vol. 161, no. 2-3, pp.
1522–1529, 2009.
[46] A. Bhatnagar, “Removal of bromophenols from water using
industrial wastes as low cost adsorbents,” Journal of Hazardous
Materials, vol. 139, no. 1, pp. 93–102, 2007.
[47] H. Aydin and G. Baysal, “Adsorption of acid dyes in aqueous
solutions by shells of bittim (Pistacia khinjuk Stocks),”
Desalination, vol. 196, no. 1–3, pp. 248–259, 2006.
[48] L. S. Chan, W. H. Cheung, and G. McKay, “Adsorption of acid
dyes by bamboo derived activated carbon,” Desalination, vol.
218, no. 1–3, pp. 304–312, 2008.
[ 4 9 ]H .L a t a ,V .K .G a r g ,a n dR .K .G u p t a ,“ A d s o r p t i v er e m o v a l
of basic dye by chemically activated parthenium biomass:
equilibrium and kinetic modeling,” Desalination, vol. 219, no.
1–3, pp. 250–261, 2008.
[50] M. Ahmaruzzaman and D. K. Sharma, “Adsorption of phenols
from wastewater,” Journal of Colloid and Interface Science, vol.
287, no. 1, pp. 14–24, 2005.